Introduction
travels through the Earth between those two electrodes. However, a small fraction of the 140 current finds paths travelling from the northern electrode to the earthing points of network 141 transformers in much of the South Island, and then completing the circuit across the AC 142 transmission lines. We term this "stray" return current. Transpower has installed DC current 143 measuring devices (referred to as LEMs) on all the transformers for which significant stray 144 HVDC return current is expected, as those currents might lead to voltage control issues, 145 transformer damage, or incorrect protection operation in the power system. LEM 7 measurements have been used in the past to better understand the coupling of stray HVDC 147 return currents into the AC transmission network [Dalzell, 2011] . 148 The GIC monitoring devices are Hall effect current transducers (LEM model LT 505-S), 149 installed onto the transformer neutral line connection to Earth. LEM is the company name 150 that produces the sensors (Liaisons Electroniques-Mécaniques), and the devices are resolution data when the DC values are changing. In practice this means that during 173 geomagnetic storms when GIC are present the data have the highest time resolution (4 s), 174 while at other times when the values are slowly changing the time resolution can be 175 considerably longer (as much as 1 hour 1 minute). 176 Operation of the HVDC link in earth return mode is common, and so the stray return 177 currents must be removed from the LEM observations in order to study GIC. This is 178 described in more detail in section 3. The New Zealand HVDC link is of the bipolar type but commonly operates in earth return 203 mode (i.e., monopole), which will potentially affect whether the measured transformer earth 204 currents are caused by GIC or instead by HVDC stray currents. A similar issue was 205 mentioned in a study into GIC in China, where current peaks were seen outside the time of a 206 magnetic storm [Liu et al., 2008] and identified as being due to HVDC operation. The 207 magnitude of the HVDC stray current arriving at a given transformer depends upon the total 208 HVDC current, the electrical conductivity of the ground and of the transmission network, 209 and the location of the transformer. It seems reasonable to assume that the gross electrical 210 structure of the ground and electrical conductivity of the network will not change 211 significantly within a short time period, and thus there should be a linear relationship 212 between the total HVDC current and the stray current at a given transformer. We will later 213 show that this is an appropriate assumption for New Zealand, where the South Island grid 214 has not changed significantly in the time period considered. 215 The New Zealand HVDC link typically transmits ~150-1000 A of current through the 216 earth return path. We use the current measured at Benmore to provide a measure of the total 217 HVDC earth return current. We limit ourselves to periods where the absolute HVDC current 218 is >100 A to investigate the significance and removal of the HVDC stray return currents. 219 Table 2 summaries the average yearly operation of the HVDC link. In most years the link 220 carries >100 A in earth return mode approximately half the time; the remainder of the time 221 is in bipolar mode or there is no HVDC operation. From 2008-2012 the HVDC link was 222 almost continuously operating in earth return mode (i.e., 94-100% of the time). From 10 HVDC link could only be operated under restricted conditions. From that time Pole 1 was 225 partially and later fully decommissioned, replaced in August 2013. During this period, the 226 restriction placed on Pole 1 meant that the HVDC link was almost entirely running in single 227 wire earth return mode (i.e., monopolar) with only Pole 2 used. As seen in Table 2, this   228 period is also associated with higher average total earth return currents, as only one 229 conductor was in use requiring 100% earth return operation. 230 As noted previously, for an unchanging network configuration, there should be a linear 231 relationship between the stray HVDC return current and the total HVDC earth return 232 current. An example of this is shown in Figure 3a , which presents the LEM reported current 233 at Timaru transformer 5 (TIM T5) against the total HVDC earth return current during the 234 time period from the start of 8 January 2010 to the end of 14 January 2010. Periods when 235 the absolute value of the HVDC earth return current are <100 A have been removed, 236 leaving 1019 current measurements, and a linear fit is made. As is clear, there is a well-237 defined linear relationship between the two currents with a high coefficient of determination 238 (r 2 = 0.982). In this case there is only a small offset of 0.34 A in the fit to the TIM T5 LEM 239 reported currents when the HVDC earth return current was zero. This offset is not due to 240 geomagnetic activity, which was low throughout this time period, rather this is an example 241 of the miss-calibration of the LEM sensors mentioned in Section 2.1. Linear fits of the LEM 242 data allow us to remove the stray HVDC return current and also correct for calibration 243 offsets, hence extracting high fidelity GIC values from the LEM measurements. 244 In order to do this, linear fits have been made across weekly data periods for all the LEM 245 data, i.e., separately for each transformer. As GIC events will distort the relationship 246 between total and stray HVDC earth return current, we remove all time periods when the 247 Eyrewell magnetic observatory K-index are ≥5. We also remove periods with very low total 248 HVDC earth return currents (<100 A), as one mitigating strategy Transpower has employed 249 is to decrease HVDC earth return use during storms [Marshall et al., 2012] . Figure 3b shows the long term slope of the linear fit of the LEM data from TIM T5 from November 251 2001 through to the end of December 2015. For the vast majority of the time the slope is 252 essentially constant with a value of -2.2×10 -3 , such that 1000 A total HVDC earth return 253 current operation would lead to 2.2 A of stray current at TIM T5. We found that the short 254 lived deviations seen in the slope of Figure 3b are primarily caused by weekly time periods 255 with only small amounts of current data, or in some rare cases where the linear fit is low 256 quality. We remove those points by requiring that the coefficient of determination r 2 >0.5 257 and also that there are at least 50 current measurements present throughout the week. When 258 any of these two conditions were not met for a weekly interval, the slope was replaced with 259 that of an accurate slope from an adjacent week. All such substitutions were manually 260 checked to ensure they were reasonable. 261 Figure 3c presents the long term offset of the linear fit of the LEM data from TIM T5. As 262 we have removed periods of geomagnetic activity, these offsets in the HVDC stray current 263 reported during earth return mode will represent miss calibration of the LEM sensors. Note 264 that the offsets vary more than the slope of the linear fit, suggesting they may play a very 265 important role in the long term data quality. In this sense we are fortunate for the presence 266 of the HVDC stray current in our measurements, as they allow the removal of calibration 267 offsets. Similar datasets collected in other parts of the world also contain quasi-constant 268 offsets in the DC current (i.e., near constant non-zero currents outside of storm periods), 269 which have to be corrected manually. While the offset varies more than the slope, it tends to 270 remain essentially unchanged for significant periods (many months or more) before a value 271 shift, as well as exhibiting some short lived deviations. As in the case of the slope data 272 plotted in Figure 3b , the short lived deviations seen in Figure 3c were often due to poor 273 correlations and number of samples, and were treated in a similar way. 274 Using the slope, offset, and total HVDC return current, we can remove the predicted should be dominated by GIC. This is shown in Figure 3d for the year 2010. The panel Zealand DC dataset. The original data (blue line) has a clear offset and also a larger range 283 than the GIC data (magenta line). 284 The operation described above for TIM T5 has been repeated for all the LEM instrumented 285 transformers to produce a "GIC dataset" for all these locations. This operation has allowed 286 us to estimate the total quantity of HVDC stray return current at each instrumented 287 transformer, which is shown in Figure 4 December 2012, and August 2013, respectively. These transformers were removed from 295 service, and hence will no longer have any HVDC stray return current present. Note that 296 locations near Benmore tend to have higher values of HVDC stray return current while 297 those far from Benmore, for example in the lower South island, tend to have lower values. 298 The transformers at Benmore have only moderate levels of HVDC stray return current, 299 despite being very close to the Bog Roy electrode. This is likely due to their unusual design 300 features (including the installation of Neutral Earthing Resistors (NER) to mitigate the stray currents) which were specified in the original order, due to their operation near to the 302 HVDC electrode. 303 Table 2 shows how the HVDC stray return currents summed across all the instrumented 304 locations varies from year to year, as a percentage of the total HVDC earth return current. 305 The fraction of HVDC earth return current which is measured as "stray" is typically 5.5-306 6.5% of the total current (i.e., ~94% of the current returns "directly"), with the maximum 307 yearly range spanning 5.5-7.6%. On average across all years there is ~450 A of total HVDC 308 earth return current present, although this varies strongly from year to year (Table 2) , which 309 will lead to ~32 A of stray HVDC earth return currents distributed into the South Island 310 transformers.
311
During 2009-2012, which was during the restrictions on bipolar operation, Table 2 shows 312 that the fraction of stray current increases to ~7.5% of the total current. This may reflect 313 changes in the soil moisture at depths around the Te Hikowhenua and Bog Roy electrodes, 314 due to the near constant single wire earth return mode operation. However, it might also 315 reflect changes in the efficiency of the DC injection due to increased electrochemical 316 erosion which occurs during this mode. The erosion rate at Bog Roy during the period of 317 monopolar mode was 15 to 18 times higher than for bipolar operation [Transpower, 2013] ). 318 During this period more frequent maintenance was required at Bog Roy, and the buried 319 electrode arms were progressively replaced [Transpower, 2013] . The Bog Roy electrode 320 resistance will increase due to the higher corrosion, which increase the stray earth return 321 currents. Bush T4 transformer (referred to as HWB T4) failed within one minute of peak currents 327 observed in the network, i.e., 14:52 NZDT [Béland and Small, 2004] which is 1:52 UT. The 328 observations considered in the Marshall et al. paper will not be strongly impacted by stray 329 HVDC return currents; single wire earth return mode operation started from 22:00 NZDT 330 (9 UT) on this day, which is well after the peak of the storm, and even then the maximum 331 total HVDC earth return current was only ~200 A. However, as stated earlier it is likely that 332 offsets in the LEM measurements may be more important. In addition, the peak LEM field on the Earth's surface [Cagniard, 1953] , which is the primary driver of GICs [e.g., 365 Viljanen et al., 2001] . Despite this expectation a study carried out using observations from a 366 power grid in Memanbetsu, Hokkaido (Japan) showed that GICs were more strongly 367 associated with the deviation of the Y and Z magnetic field components, not the horizontal 368 rate of change [Watari et al., 2009] . We examine this suggestion in detail below, and follow 369 their approach by looking at the correlation coefficients between the GIC and the magnetic 370 field components. 371 As a starting point we undertake a case study around the 6 November 2001 geomagnetic 372 storm, as significant analysis of this event has already been published in the literature. This 373 storm has been described in detail by Marshall et al. [2012] , and thus we limit ourselves to 374 a few overview comments. The storm peaked with a global Kp=9-with the local Eyrewell 375 K-index being K=8. The storm started with a sudden commencement 01:52UT; from 0-3 376 UT the Eyrewell-observed H-component of the magnetic field changed from 21,093 nT to a maximum of 21,594 nT (a range of 501 nT). This is shown in the upper panel of Figure 6 , 378 where the right-hand axis presents the variation in the H-component of the magnetic field 379 measured at Eyrewell around the time of the sudden commencement. In contrast the peak in 380 the H' component was measured as 191 nT/min, also occurring at 01:52 UT. This is shown 381 in the lower panel of Figure 6 , again through the dashed line (in this case red colored) 382 referring to the right-hand axis. 383 We initially focus on the correlation between magnetic field variations and the GIC Memanbetsu GIC observations might be different due to their geomagnetic latitude. As 419 these were made ~10º equatorward of any of the South Island GIC observations we cannot 420 discount this. 421 We now consider the Pearson correlations for all 31 transformers for which there were 422 GIC observations during this storm. The correlations were calculated from 01:10-03:00 UT, 423 which is the time period shown in Figure 6 . We only consider Pearson correlation 424 coefficients where the associated p-value is smaller than 0.05. The results are presented in 425 the upper part of Table 3 . Note that 31 is larger than the number of transformers with peak transformers have a mean GIC magnitude of only 0.5 A. We suggest that smaller induced 447 current values will be more affected by noise, occasionally masking the correlation with the 448 physical driver (i.e., H'). 449 We consider this suggestion by undertaking the same analysis on the 14 transformers 450 which were not fitted with a NER for which there is data for this time period. NER have 451 been fitted to many of the monitored transformers to decrease the magnitude of the stray 452 HVDC return current, and will likely decrease the magnitude of the GIC at that transformer 453 (see the discussion in Pirjola [2008] ). The right hand panel of Figure 5 indicates which transformers have NER installed, and the corresponding analysis of correlation coefficients 455 for this storm period is shown in the lower part of Table 3 . Again, the largest number of 456 transformers show the best correlation with the H' component, in this case, 7. Only 1 457 transformer showed the highest correlation with H, and none with X, or Z components. 458 Nonetheless, it is worth noting that 3 transformers have the best correlation with Y 459 component with reasonable Pearson correlation coefficients (~0.8) and mean GIC (5.1 A). there is much less focus on the direction of the current from Transpower's perspective. 495 When considering the typical response across the entire dataset (below), we use the 496 magnitude of the GIC. 497 The upper section of Table 4 shows a summary of the highest correlations between GIC 498 and magnetic field components for 47 transformers from on 2 October 2013, in the same 499 format as Table 3 . As in the previous case the correlations were examined from 00-06 UT 500 on this day, the time period plotted in Figure 8 . While there were 49 transformers providing 501 GIC observations in this time period, two fail the p-value test (p<0.05) and have been 502 excluded from the analysis presented in Table 4 . Clearly, the majority of the transformers 503 (19 out of 47) correlate best with the rate of change of the horizontal field, and to a lesser 504 extent X' (7 out of 47), with fairly strong currents (>5 A) and high correlation coefficients.
There are, however, a smaller set of transformers (5 out of 47) which have reasonable GIC 506 magnitudes (~4.3 A), fairly high Pearson correlation coefficients, but correlate best with the 507 amplitude of the X component. If the New Zealand observations were limited to just one of 508 these locations, as was the case of the single site in Hokkaido considered by Watari et al. 509 [2009], we might concur with their conclusions, at least for this storm. However, one might 510 expect that local ground conductivity near these transformers could influence the 511 relationship between the magnetic and electric fields [e.g., Trichtchenko and Boteler, 2006]. 512 As impedance relates the magnetic field to electric field in the frequency domain, a ground 513 structure with relatively low conductivity at deep layers would cause low frequency 514 components of the driving magnetic field to have more influence than high frequency 515 components. Such an effect could cause an apparent correlation with the amplitude of H 516 rather than the rate of change of this component. While this is possible, one would expect 517 the deep conductivity structure to remain unchanged, such that one would find that some 518 transformers consistently correlated with the amplitude of H in many geomagnetic storm 519 events. That is not the case in our examination of the New Zealand data, and specially there 520 is no agreement between the two case studies in that we do not find that any the 521 transformers consistently favor the X or H component amplitude over the rate of change. 522 The lower section of Table 4 presents the analysis for non-NER transformers. Again, the 523 majority of the transformers (10 out of 26) correlate best with the rate of change of the 524 horizontal field or X' (6 out of 26), with fairly strong currents (>6.5 A) and high correlation 525 coefficients. There remains a set of 3 transformers which have reasonable GIC magnitudes 526 (~7.0 A), fairly high Pearson correlation coefficients, and correlate best with the amplitude 527 of the X component. These three transformers are all located in the Invercargill substation, 528 and were not providing GIC observations until 2012, thus were not included in the analysis 529 in section 5.1. We have specifically checked to see if these transformers tend to correlated with the X component in other geomagnetic storms, but find this is not the case. In the vast 531 majority of cases, the correlation is best with the H' component. 532
Comparison with Geomagnetic Driver: Long Term

533
In section 5 we looked at the correlation between observed GIC and geomagnetic drivers 534 in two case study storms. We now attempt to re-examine the correlation for the entire 535 dataset. In order to do this we identify hourly periods which are "disturbed" and worthy of 536 detailed consideration. We do this by setting the requirements that either observed GIC are 537 high or there are large magnetic field variations. Generally, the most responsive LEM-538 instrumented transformers are ISL M6, HWB T4, and also the number 6 transformer at 539 Halfway Bush (HWB T6) plus South Dunedin transformer number 2 (SDN T2). We 540 identify 151 hourly periods across the entire dataset by requiring that one or more of the 541 following requirements are met: 542 1. Peak one minute averaged GIC magnitude is ≥10 A at anyone of ISL M6, HWB T4 543 HWB T6, or SDN T2, for any time during that hour. 544 2. The peak-to-peak variation in the EYR H is ≥200 nT (i.e., the difference between the 545 maximum and minimum values in the hour exceeds this threshold). 546 3. The peak one minute resolution value of EYR |H'| is ≥50 nT/min. 547 548
Islington Transformer M6
549
As before, we start by considering ISL M6 as it has the longest continuous dataset and has 550 observations for all the 151 hours considered. We then require that there is a "good" 551 statistically significant Pearson correlation coefficient between the magnetic field 552 component and the GIC time variation, i.e., r≥0.8 and p<0.05. The number of hourly 553 periods for which this holds for ISL M6 is shown in Following the same approach we test the result for all transformers. Based on our findings 561 around small-current observations which are more likely to be impacted by noise, we 562 consider only hourly periods for which the peak GIC magnitude is ≥5 A. This value was 563 determined by checking the peak hourly GIC magnitude for ISL M6 for the International 564 Quiet Days, which provided the 10 geomagnetically quietest days for each month, 565 generating 1800 quiet days from the start of 2001 to the end of 2015. This was used to 566 determine ISL M6 peak GIC magnitudes occurring on the quiet days, producing 38,371 567 values with one hour resolution. Only 13 of these values were >5 A, suggesting it is a 568 reasonable threshold for "significant" GIC. 569 The limitations described above leaves us with 36 transformers, as 25 never report currents 570 this high, and the maximum number of time periods decreases to 83 (note that the number 571 of time periods available varies for each transformer). For each LEM monitored 572 transformer, we examine the percentage of available periods where there is a good 573 statistically significant Pearson correlation coefficient, i.e., r≥0.8 and p<0.05. We then find 574 which component has the maximum number of good correlation periods. A sum is taken of 575 these across all 36 transformers to determine the number of transformers which have high 576 quality correlations for the disturbed hourly periods. If a transformer has equally good 577 correlation percentages between components, the weighting is shared equally. As an 578 example, HWB T6, for which data collection has only recently started, has only 14 579 disturbed hourly time periods. 57.1% show good correlation with H', 28.6% with X', 28.6% 580 with F' with no other components having good correlations for more than two one hour time periods. Therefore, HWB T6 will be included as one transformer showing the best high 582 quality correlation with H'. Table 6 show the number and percentage of transformers which 583 have the best high quality correlations with each component. Note that 6 transformers had 584 no components for which there was a good correlation, but also suffered from a lack of 585 observations (≤3 hour periods). 586 Through this operation we find that the weighted number of transformers which have the 587 best high quality correlation between GIC and H' is 17.2 (47.8%), with the next highest two 588 values being F' (3.5 weighted transformers and 9.7%) and X' undertaken at a total of 61 distinct transformers (up to 58 transformers at any given time). 603 The majority of the time the DC measurements are dominated by stray currents during 604 HVDC earth return operation, and also suffer from non-zero calibration. However, by 605 correcting for the stray currents during single wire earth return HVDC mode, we can both remove the stray currents and correct for the calibration problems. This leads to an 607 unusually dense set of near-continuous GIC observations at multiple substations spanning 608 almost 14 years. 609 In our study we have described and demonstrated the procedure by which the DC 610 measurements may be corrected. As there are many HVDC systems across the world, some 611 of which use earth return, the approach may be important for other Space Weather 612 researchers. We also provide information on the level of stray current during earth return 613 HVDC mode and its variation across the South Island network. 614 We examine in detail the peak GIC magnitude reported across the South Island for the For high-quality statistically significant Pearson correlation coefficients (r≥0.8 and p<0.05) 629 this is particularly clear when GIC magnitude is sufficiently high to allow clear 630 comparisons. While the horizontal geomagnetic field (H) component is derived from the 631 north (X) and east (Y) components, the significant difference between our study and the Watari et al. [2009] study is the finding that the rate of change of the magnetic field 633 components tend to have much higher correlation coefficients with GIC than the correlation 634 found with the component amplitudes. Watari et al. [2009] suggested that the coastal effect 635 might explain the difference between their findings and that more commonly found. We 636 specifically examined a long-lasting dataset collected a similar distance from the coast, and 637 could not confirm their suggestion. 638 In one case study we found that there was a small set of transformers (5 out of 47) which conclusions, at least for that storm (2 October 2013). Thus while we conclude that generally 644 H' provides the best correlations, for some locations and reasonably small GIC magnitudes 645 during some storms might appear to correlate well with the change in the amplitude and not 646 the rate of change. 647 We suggest the large New Zealand GIC dataset will provide additional useful insights into 648 Space Weather. The current study is a first step to understanding this dataset. Our research 649 group is now undertaking more research, and also constructing a model to predict GIC in 650 New Zealand to be validated by the experimental observations described in a detailed way 651 here. The two storms presented in detail in the current study show quite a different spatial 652 response during the storm peak (i.e., peak GIC occurring in different locations), 653 emphasizing the need for detailed modeling. 
